Objectives: There is compelling evidence that pathological high-frequency oscillations (HFOs), called fast ripples (FR,, reflect abnormal synchronous neuronal discharges in areas responsible for seizure genesis in patients with mesial temporal lobe epilepsy (MTLE). It is hypothesized that morphological changes associated with hippocampal atrophy (HA) contribute to the generation of FR, yet there is limited evidence that hippocampal FR-generating sites correspond with local areas of atrophy. Methods: Interictal HFOs were recorded from hippocampal microelectrodes in 10 patients with MTLE. Rates of FR and ripple discharge from each microelectrode were evaluated in relation to local measures of HA obtained using 3-dimensional magnetic resonance imaging (MRI) hippocampal modeling. Results: Rates of FR discharge were 3 times higher in areas of significant local HA compared with rates in nonatrophic areas. Furthermore, FR occurrence correlated directly with the severity of damage in these local atrophic regions. In contrast, we found no difference in rates of ripple discharge between local atrophic and nonatrophic areas. Interpretation: The proximity between local HA and microelectrode-recorded FR suggests that morphological changes such as neuron loss and synaptic reorganization may contribute to the generation of FR. Pathological HFOs, such as FR, may provide a reliable surrogate marker of abnormal neuronal excitability in hippocampal areas responsible for the generation of spontaneous seizures in patients with MTLE. Based on these data, it is possible that MRI-based measures of local HA could identify FR-generating regions, and thus provide a noninvasive means to localize epileptogenic regions in hippocampus.
High-frequency oscillations (HFOs) Ͼ80Hz have attracted much attention for their potential role in information processing, and more recently, in neurological disease in the mammalian brain. Early studies on ripple oscillations (100 -200Hz) showed that these HFOs occurred bilaterally in hippocampus and parahippocampal structures of naive rodents. [1] [2] [3] Later studies described ripples in nonhuman primates and patients with epilepsy that occurred as intermittent, brief bursts (10 -100 milliseconds) in mesial temporal lobe structures, but were slightly lower in spectral frequency compared with rats (ie, 80 -150Hz). 4 -6 In nonprimates, and possibly humans, ripples may be associated with information transfer between hippocampus and extrahippocampal structures, [7] [8] [9] [10] [11] but the occurrence and function of ripples in epileptogenic regions of patients with epilepsy is unclear. [12] [13] [14] [15] [16] [17] Fast ripples (FR) are another type of HFO that are typically higher in spectral frequency than ripples, and may contain frequencies as high as 600Hz. FR are strongly associated with brain areas of epileptic seizure onset, 4, 5, 13, 15, 18, 19 and sometimes occur immediately before or during the onset of mesial temporal lobe seizures. 12, 20 FR are believed to reflect neuronal disturbances responsible for epileptogenicity. 21 Studies in patients with mesial temporal lobe epilepsy (MTLE) and rat models of human MTLE suggest that hippocampal atrophy (HA) may be the underlying anatomical disturbance contributing to FR generation. There is evidence that reduced hippocampal volumes and lower neuron densities correlate with higher rates of FR and lower rates of ripple occurrence. 15, 16, 22 It is also known, however, that cell loss is often greater within specific hippocampal subfields, [23] [24] [25] and may not be distributed evenly along the anterior-posterior axis of the epileptic hippocampus. 26 -28 Furthermore, FR may arise from local areas that are distributed unevenly throughout the hippocampus in epileptic rats and patients with MTLE. 29, 30 It is possible, then, that areas of HA may not be in close proximity to areas supporting FR generation, which would argue against our hypothesis that morphological changes associated with HA contribute to FR generation. 16 To evaluate the relative proximity or distance between areas of HA and FR-generating areas, we used advanced magnetic resonance imaging (MRI) analysis techniques that quantify the distribution of atrophy in hippocampal 3-dimensional (3D) reconstructed models. 27, 28, [31] [32] [33] [34] Moreover, in the present study using surgical patients with medically intractable MTLE, we have extended these MRI techniques by registering the position of hippocampal intracranial microelectrodes and corresponding rates of FR and ripple occurrence on these 3D maps of HA to evaluate whether local HA are associated with areas supporting the generation of FR or ripples or both.
Subjects and Methods

Patients and Electrophysiological Recordings
Subjects were patients with medically intractable seizures of probable temporal lobe origin, who were candidates for epilepsy surgery, but required intracranial depth electrode evaluation to localize brain areas where seizures began, because results from noninvasive studies suggesting focal onsets were inconclusive. In each patient, flexible polyurethane depth electrodes (AdTech Medical Instruments, Racine, WI) were implanted bilaterally (median number of electrodes per patient: 5.0 right, 4.5 left hemisphere) in temporal and frontal lobe areas, orthogonal to the lateral skull surface, to identify brain areas generating spontaneous seizure activity ( Fig  1A) . 35, 36 Each depth electrode was 1.3mm in diameter and consisted of 7 contacts (1.5mm length) with intercontact center-to-center spacing of 6mm, except between the 2 most distal contacts, where spacing was 3mm. Brain areas of electrographic seizure onset were identified by attending neurologists at the UCLA Seizure Disorders Center following review of multiple spontaneous, independent seizure recordings. Because the objective of this retrospective study was to evaluate HFO activity in relation to areas of hippocampal atrophy and epileptogenicity, patients included in this study had unilateral mesial temporal lobe seizure onsets, evidence of hippocampal HFOs in continuous microelectrode recordings, and a complete series of postimplant MRI scans for microelectrode localization. All patients gave their informed consent to participate in this study, which was approved by the medical institutional review board of the UCLA Office for Protection of Research Subjects.
Inserted through the lumen of each depth electrode was a bundle of 9 platinum-iridium microwires (40m diameter; impedance, 100 -300kOhm at 1kHz) that extended 3-5mm beyond the tip (Fig 1A) . The 9th microwire in each bundle was uninsulated (impedance, 1-3kOhm at 1kHz), and used as a reference. For each patient, wide bandwidth (0.1Hz to 5kHz) depth electroencephalogram (EEG) was recorded from 16 microelectrodes simultaneously (10kHz sampling; 12-bit precision, R.C. Electronics, Santa Barbara, CA) during overnight polysomnographic sleep studies as part of a previous study. 15 Because the highest probability for HFO discharge in nonprimates 3, 37, 38 and humans 19, 39 occurs during episodes of slow wave sleep, unfiltered and bandpassfiltered EEG (80 -500Hz; finite impulse response filter, 513 components) from each hippocampal microelectrode (n ϭ 72) was reviewed for HFO activity (Fig 1B, C) during a 10-minute epoch of slow wave sleep at 500ms/page in a computer display window (Run Technologies, Co., Mission Viejo, CA). For microelectrodes with evidence of HFOs (18 out of 72 microelectrodes), the entire continuous recording (median duration of recording, 4.4 hours, range, 3.0 -6.1 hours) was processed using a semiautomated computer algorithm to detect and quantify HFOs. 15 Wide bandwidth EEG was bandpass filtered between 80 and 500Hz, and the root mean square (RMS) amplitude using a sliding 3-millisecond window was computed from the filtered signal. Criteria for HFO, which included visual confirmation, were as follows: consecutive RMS amplitude values Ͼ5 standard deviations (SD) above the grand mean RMS amplitude, Ͼ6 milliseconds in duration, and Ͼ6 peaks exceeding 3 SD above the overall mean amplitude of the rectified bandpass-filtered signal. Power spectral analysis (1,024-point fast Fourier transform with zero padding and Hamming window) was used to identify spectral frequency corresponding to maximum power for each HFO (Fig 1B, C) . Using spectral frequency criteria from previous quantitative studies that separated human ripples and FR, 15, 19 in the present study, HFOs with maximum power corresponding to a peak spectral frequency between 80 and 150Hz were labeled ripples, whereas HFOs with a peak spectral frequency between 151 and 500Hz were labeled FR. For each microelectrode that captured HFOs, a mean rate of ripple and FR discharge per minute was computed as the total number of ripples or FR divided by length of recording time.
Neuroimaging and Hippocampal 3D Reconstruction
Whole brain MRI scans from patients (n ϭ 10; 4 female; overall mean age: 35.5 Ϯ 10.2 years) were acquired in the axial plane using a 1.5T Siemens (New York, NY) Sonata full body scanner with head coil. 3D T1-weighted images were acquired using a spoiled gradient recalled sequence (256 ϫ 256 ϫ 124 matrix; 1mm isotropic voxels; field of view, 28 cm; echo time, 9 milliseconds; repetition time, 40 milliseconds). Control subjects without history of neurological disease (n ϭ 19; 6 female, mean age: 29.9 Ϯ 3.9 years) tapraid5/zay-aon/zay-aon/zay00509/zay3346d09z gockleyj S‫4؍‬ 4/7/09 8: were scanned using equivalent scan parameters on a different 1.5T MR scanner.
3D MRI scans from each subject were linearly registered to the ICBM53 (International Consortium for Brain Mapping) average brain template in a semiautomated fashion, 40 and subsequently transformed into standard space, reoriented, resampled, and resliced in the coronal plane. The dentate gyrus, hippocampus proper, presubiculum, and subiculum were identified visually on each coronal slice using a standard neuroanatomic atlas, 41 and were included in the hippocampal tracings. The boundaries of each hippocampus were delineated manually by a single experimenter blind to hemisphere of seizure onset (Fig 2A) , according to criteria adapted from the Insausti and Pitkanen volumetric analysis and Laboratory of Neuro Imaging, David Geffen School of Medicine at UCLA hippocampal segmentation protocols. 42 A 3D parametric mesh model of each traced hippocampus (n ϭ 58) was created using established hippocampal modeling methods. 27, 34, 43, 44 Each model consisted of 30,000 points, distributed across the hippocampal surface in a spatially normalized manner. 45 The distance from each of the surface points to the medial curve, which runs through the center of the hippocampus along its longitudinal axis, is known as radial distance, and is a measure of hippocampal "thickness" (Fig 2B, C) . Inter-rater reliability, based on an analysis of 10 whole hippocampal volumes traced by two investigators, was strong between investigators using the tracing protocol, with small differences in whole volume (single measurement, model 2 intraclass correlation ϭ 0.94, F ϭ 2.47). 44 -46 To locate each microelectrode in the 3D hippocampus, postimplant MRI was linearly registered to the same preimplant MRI that was used to construct the 3D hippocampus. The tip of the microelectrode viewed on coronal postimplant 
density (PSD) analysis using bandpass-filtered fast ripples (FR) (60 -600Hz) recorded on the same microelectrode that shows normalized individual FR power (gray lines) and mean power (thick black line). FR (n ϭ 194) recorded from this site had peak power corresponding to frequencies Ͼ200Hz (mean peak, 279Hz). (C) Examples of low pass filtered ripples recorded from a microelectrode positioned in the contralateral anterior hippocampus of a different patient. Results of PSD analysis (right) indicate ripples (n ϭ 193) recorded on this microelectrode had mean peak power centered on 105Hz.
tapraid5/zay-aon/zay-aon/zay00509/zay3346d09z gockleyj S‫4؍‬ 4/7/09 8:13 Art: 21703 Ogren et al: 3D Maps in MTLE 3 F2 scans was identified (eg, Fig 1A) , and the x, y, and z coordinates corresponding to the tip were registered to the 3D hippocampus. Hippocampal areas within a 5mm radius of each microelectrode tip (Fig 2D) , and in a separate analysis 3mm radius, were used to evaluate hippocampal thickness in relation to HFO activity. These distances were consistent with results from previous patient studies that suggested HFOs could be recorded from distances up to 5mm, 13, 20, 30 and in the present study, were comparable with the overall mean radial distance of the patient hippocampus.
Data Analysis
Patient hippocampi were separated into ipsilateral and contralateral groups based on each patient's hemisphere of ictal onset, which were compared with hippocampi from the cor- responding hemisphere in the entire control group, which consisted of a similar proportion of male to female subjects, and similar mean age. Analysis of variance (ANOVA) was used to statistically evaluate differences in hippocampal thickness between patients and controls at each homologous surface point in relation to side of ictal onset. p Values corresponding to the ANOVA F ratio at each surface point were color-coded and mapped onto the surface of 3D hippocampus to depict the distribution of statistically significant atrophy in the patient group. 27, 33, 45 Areas on the 3D p maps corresponding to p Ͻ 0.05 were labeled "atrophic," whereas areas associated with p Ն 0.05 were labeled "nonatrophic". Permutation testing was used to correct for multiple comparisons, 47 and to determine the likelihood that the observed proportion of suprathreshold p map statistics ( p Ͻ 0.01) could occur by chance. 45, 48 The number of permutations N was chosen to be 1 ϫ 10 6 to control for the standard error of omnibus probability p, which follows a binomial distribution B(N, p) with known standard error. 49 The margin of error (95% confidence interval) for p is approximately 5% when N ϭ 8,000. To further improve upon this, we ran 100,000 permutations, and chose a significance level of 0.01. Microelectrode data from all patients were combined and assigned to one ipsilateral and one contralateral hippocampus. In hippocampal areas where microelectrode data overlapped from multiple patients, a distance-weighted average of rates of FR or ripple discharge, with respect to the surface, was computed. Student t tests were used to compare whole hippocampal volumes within and between patient and control groups, and rates of ripple and FR occurrence in local atrophic and nonatrophic areas. In the latter analysis, the t statistic was adjusted using within-and between-group correlation coefficients to compensate for the potential effects of nonindependent samples in the parametric analysis. 50, 51 Correlation analysis was used to evaluate hippocampal volume reductions and magnitude of local atrophy, computed as a ratio of patient to control mean radial distance, in relation to rates of ripple and FR discharge.
Results
Ten patients with unilateral mesial temporal lobe seizure onsets, and 19 age-and gender-matched subjects without history of neurological disorder, participated in this study. Consistent with the area of seizure onset and incidence of hippocampal sclerosis in these patients (Table) , ; mean volume reduction: 4 Ϯ 6%; p Ͻ 0.39). Within the patient group, ipsilateral hippocampi were 26 Ϯ 6% smaller than hippocampi contralateral to onset ( p Ͻ 0.004). No such asymmetry was observed within the control group (2 Ϯ 2%, p Ͻ 0.54).
In patients, the mean rate of FR occurrence recorded from microelectrodes ipsilateral to seizure onset was twice as high as rates recorded contralaterally (0.42 Ϯ 0.19 per minute vs 0.21 Ϯ 0.15 per minute). The mean rate of ripple occurrence was 3 times higher in contralateral compared with ipsilateral hippocampi (0.12 Ϯ 0.07 per minute vs 0.04 Ϯ 0.02 per minute). Analysis of hippocampal volumes in relation to rates of HFO discharge revealed that greater hippocampal volume reductions correlated with higher FR rates (r ϭ 0.53, p Ͻ 0.024). Ripple rates, however, did not cor- 58 F ϭ female; RH ϭ right-handed; R ϭ right; PH ϭ posterior hippocampus; PHG ϭ parahippocampal gyrus; N/A ϭ not available; AH ϭ anterior hippocampus; M ϭ male; LH ϭ left-handed; HS ϭ hippocampal sclerosis; AM ϭ amygdala; EC ϭ entorhinal cortex; MH ϭ middle hippocampus. 
Hippocampal 3D Reconstruction
Advanced MRI-based hippocampal surface mapping techniques were used to evaluate the distribution of local HA in patients with respect to the control subjects (Fig 2) . The statistical probability or p maps shown in Figure 3 depict areas of significant atrophy in patients ipsilateral and contralateral to ictal onset. Probability values were color coded to distinguish hippocampal areas of significant atrophy (colored white and red) from areas that were not significantly different between patient and control groups (colored yellow, green, and blue). Hippocampal p maps ipsilateral to ictal onset revealed extensive atrophy distributed heterogeneously throughout the hippocampus on both superior and inferior surfaces (Fig 3, left column) . Overall, these ipsilateral atrophic areas were significant after correcting for multiple comparisons ( p Ͻ .01; see Subjects and Methods). In contrast, contralateral p maps revealed a noticeably different distribution of atrophy, where HA was limited to a few circumscribed areas on the superior and inferior surfaces. Overall, the extent of atrophy depicted in contralateral p maps was not significant ( p ϭ 0.07).
To evaluate local HA in relation to microelectroderecorded FR and ripples, each microelectrode was registered to the respective ipsilateral or contralateral 3D hippocampus, and hippocampal areas within a 5mm radius of each microelectrode tip were outlined. Figures  4A and B show the surface location of these local areas, and corresponding rates of FR and ripple discharge that were recorded from each microelectrode in the depth. Rates of FR and ripple discharge were color coded to distinguish microelectrodes with high (colored red) versus low (colored blue) rates of discharge, whereas areas colored gray reflect hippocampal regions Ͼ5mm from the tip of any microelectrode. Microelectrodes were more widely distributed in hippocampi ipsilateral (n ϭ 10 sites) to seizure onset than in contralateral hippocampi (n ϭ 8), which was a result of the placement of intracranial depth electrodes used in the clinical diagnostic evaluation of each patient's seizure disorder. Ipsilateral FR maps revealed a predominance of higher FR rates, whereas lower FR rates were observed contralaterally (Fig 4A) . In contrast, ripple maps showed that higher ripple rates were more common contralateral to seizure onset (Fig 4B) .
Overall, significant atrophy (ie, p map areas with p Ͻ 0.05) accounted for 38% of total surface area within ipsilateral and contralateral hippocampal nongray areas shown in Figure 4 , whereas the remaining 62% was nonatrophic (ie, p Ͼ 0.05). Rates of FR discharge were 94% higher in atrophic areas compared with nonatrophic areas (mean rate Ϯ standard error: 0.58 Ϯ 0.008 per minute vs 0.30 Ϯ 0.004 per minute; p Ͻ 0.001). Furthermore, within these same atrophic regions, higher rates of FR discharge correlated directly with greater atrophy (r ϭ 0.65, p Ͻ 0.01). In contrast, rates of ripple occurrence were not significantly different between atrophic and nonatrophic areas (0.069 Ϯ 0.001 per minute vs 0.064 Ϯ 0.001 per minute; p Ͻ 0.60). In a separate analysis that examined atrophy within a radius of 3mm from each microelectrode, 43% of the total surface surrounding the microelectrodes was atrophic, and 57% was nonatrophic. Rates of FR occurrence were 182% higher in atrophic areas than in nonatrophic areas (0.73 Ϯ 0.02 per minute vs 0.26 Ϯ 0.007 per minute; p Ͻ 0.001), and correlated directly with magnitude of local atrophy (r ϭ 0.72, p Ͻ 0.01). Analysis of ripples did not reveal any difference in rates of occurrence between atrophic and nonatrophic areas (0.084 Ϯ 0.002 per minute vs 0.095 Ϯ 0.002 per minute; p Ͻ 0.72).
Discussion
Data from the present study extend results from previous studies that examined anatomical disturbances associated with FR and ripples, and also provide new information on the extent of HA in relation to FR and ripples. Using microelectrode-recorded data in conjunction with hippocampal surface maps, we found that the occurrence of FR was significantly higher in regions of local atrophy than in nonatrophic areas. Furthermore, within atrophic regions, higher rates of FR discharge correlated with greater atrophy. In previous studies using kainic acid (KA)-treated epileptic rats, FR were observed primarily within or adjacent to the KAinduced lesion, 29, 52 but the extent of the lesion was not quantified, nor analyzed with respect to the rate of FR occurrence. Higher ratios of FR to ripple discharge have been shown to correlate with greater CA3 neuron loss in pilocarpine-treated epileptic rats, 22 and with smaller hippocampal volumes in patients with temporal lobe epilepsy, 16 but these studies did not localize atrophy or cell loss specifically near the recording electrodes, and therefore do not indicate whether FRgenerating sites coincide with local areas of HA. Unlike previously used techniques, 3D surface map-based methods retain information on the spatial distribution of HA, and, when combined with the registration of microelectrodes, allowed us to examine HA within several millimeters of the microelectrode. Results from our analysis suggest that local areas of atrophy are in close proximity to sites generating FR.
It is important to note that the maps shown in FigFig 21, 29 which may or may not be the actual volume of tissue generating FR. Recordings using macroelectrodes in patients with medically refractory epilepsy suggest FR-generating areas are larger, 13, 20 but how much larger is not known. The present study found a stronger correlation between rates of FR occurrence and local HA when a more conservative 3mm radius was used compared with 5mm, suggesting that human hippocampal networks generating FR may occupy a smaller volume of tissue than those represented in Figure 4 . Nevertheless, the strength of 3D surface map results, which were consistent with reductions in whole volume, suggest that the resolution of our technique was sufficient to detect local atrophy and characterize atrophy with respect to rates of FR discharge.
High-frequency oscillation (HFO) maps depicting rates of fast ripples (FR) and ripple occurrence (events per minute) in hip-
Analysis in the present study used group atrophy data and individual FR rates, except where microelectrode recording sites overlapped across patients, in which case averaged FR rates were used. It may be somewhat unexpected, therefore, to have found a significant correlation between local HA and FR rates, given the potential variability in the distribution of atrophy between patients, and the low probability of capturing FR using fixed electrodes in any individual patient. However, a strength of the analysis is the detection of statistically significant atrophy that takes into consideration patient variability. Thus, the atrophy patterns we observed represent hippocampal areas consistently damaged across patients participating in this study. Furthermore, it is possible that in patients with MTLE who have had many years of uncontrolled seizures, there may be higher probability of capturing FR due to a larger area supporting FR or to a greater number of FR-generating sites. This explanation is consistent with studies using epileptic KA-treated rats that showed that higher rates of seizure occurrence were associated with a greater number of FR generating sites. 52 Thus, our results may also indicate a greater density of FR-generating sites in atrophic epileptogenic areas, which typically are associated with substantial neuron loss.
Following hippocampal injury, neuron loss and synaptic reorganization are implicated as the morphological changes underlying the increased propensity for neuronal synchronization and the development of chronic spontaneous seizures in the KA rat. 53 In KAtreated epileptic rats, greater neuron loss corresponds with greater axon sprouting, and likely greater synaptic organization and synchrony of discharges. 54 It is thought that synaptic reorganization leads to the abnormal formation of small clusters of neurons that fire synchronous bursts of action potentials, and that FR represent the field potentials of these neuronal events. 29 FR generating sites are widely and heterogeneously distributed, and when local inhibition decreases, evidence suggests they can enlarge, coalesce, and synchronize. 55 If a critical mass is reached, this highly synchronous bursting may result in seizure genesis. The mechanisms underlying seizure genesis proposed in these previous studies suggest interictal FR may be a surrogate marker of hippocampal regions capable of generating spontaneous seizures. Data in the present study, derived from patients with hippocampal seizures, showed areas of significant HA were associated with higher rates of FR activity, and suggests local HA may be a marker of hippocampal epileptogenicity.
Some recent patient studies have found a strong association between ripples and epileptogenic cortical and hippocampal areas, 13, 14, 39 whereas other patient and animal studies have found reduced rates of ripple discharge in epileptogenic hippocampus, which correlated with reduced Ammon's horn neuron densities. 16, 22 In the present study, we did not find a significant relationship between HA and rates of ripple occurrence. It is possible that some of these differences may be due to the location of networks generating ripples, for example, hippocampus versus dentate gyrus or neocortex, or to the neuronal mechanisms underlying ripple generation. 56 It is likely, however, that not all ripples arise from abnormal neuronal activity. A recent patient study on hippocampal and entorhinal cortex ripples found firing patterns and phase relationships between ripples and putative pyramidal cells and interneurons that were similar to neuronal discharge patterns that occur during ripples generated in CA1 of naive rats. 17 We can conclude, however, that there is a strong association between the distribution of local HA and FR discharges. FR may be a surrogate marker of areas associated with neuron loss and synaptic reorganization that contributes to hippocampal seizures in MTLE. Finally, 3D surface maps of local HA could, in turn, constitute a biomarker of FR-generating sites, which could provide a noninvasive way to localize epileptogenic hippocampal regions. 
